Periodontitis is the commonest bacterial disease of humans and is the major cause of adult tooth loss. About half of the oral microflora is unculturable; and 16S rRNA PCR, cloning, and sequencing techniques have demonstrated the high level of species richness of the oral microflora. In the present study, a PCR primer set specific for the genera Porphyromonas and Tannerella was designed and used to analyze the bacterial populations in subgingival plaque samples from inflamed shallow and deep sites in subjects with periodontitis and shallow sites in age-and sex-matched controls. A total of 308 clones were sequenced and found to belong to one of six Porphyromonas or Tannerella species or phylotypes, one of which, Porphyromonas P3, was novel. Tannerella forsythensis was found in significantly higher proportions in patients than in controls. Porphyromonas catoniae and Tannerella phylotype BU063 appeared to be associated with shallow sites. Targeted culture-independent molecular ecology studies have a valuable role to play in the identification of bacterial targets for further investigations of the pathogenesis of bacterial infections.
Periodontitis is a multifactorial disease resulting from the interaction between bacteria in dental plaque and the individual's inflammatory response. Ultimately, periodontitis destroys the tissues that support the teeth and can cause tooth loss. The pocket formed as a result of the disease harbors a predominantly anaerobic microflora of considerable complexity (27) .
Of the approximately 600 bacterial taxa present in the subgingival environment, some have been shown to be specifically related to disease in association studies. For example, the socalled red cluster of species, Porphyromonas gingivalis, Tannerella forsythensis, and Treponema denticola, have been shown to be associated with bleeding on probing, both individually and as a group (29) . Longitudinal studies have indicated that P. gingivalis is associated not only with inflammation but also with progressive destructive disease and is a predictor of future periodontal breakdown in adults (10) . Similarly, in a nonhuman primate model, the introduction of P. gingivalis into the oral cavity caused destructive periodontal disease in the animals (13) , while prior immunization with P. gingivalis helped prevent destructive disease (28) .
T. forsythensis has been shown to be one of three species associated with sites that have converted from periodontal health to disease (31) . Indeed, the odds of loss of attachment in adolescents were shown to be 8.16 times greater in subjects colonized by T. forsythensis in a 3-year longitudinal study (11) . In adults with a low prevalence and a low severity of periodontitis, subjects persistently colonized with T. forsythensis had 5.3 times higher odds of losing attachment at at least one site compared to the odds for those in whom the organism was not detected or only occasionally detected (33) . In another longitudinal study of a similar adult group, the presence of T. forsythensis at the baseline significantly increased the likelihood of loss of attachment at follow-up 2 to 5 years later (23) .
Porphyromonas endodontalis was first isolated from infected root canals (34) , but its presence in other oral infections is only rarely reported from studies based on culture, perhaps because the majority of biotypes of this organism are unculturable (5) . Interestingly, in a study that used a PCR-based detection method, P. endodontalis was shown to be as strongly associated with periodontitis as P. gingivalis (17) .
Members of the genus Porphyromonas and its close relative, Tannerella, are clearly, then, important in periodontitis. However, these associations with disease have been derived from cultural studies of the periodontal microflora, 50% of which is now recognized to be unculturable (27) . Molecular analyses based on PCR of housekeeping genes, such as the gene encoding the 16S rRNA (16S rDNA), allied with cloning and sequencing are revolutionizing the study of the composition of the oral microflora in health and disease by revealing the true extent of the bacterial communities present, free of the biases of culture (5, 16, 25, 27) . The majority of these studies use universal primers in an attempt to characterize the entire community. However, a powerful modification of the technique is to design primers that are specific for a particular group of interest. For example, primers designed to be specific for a group of oral asaccharolytic Eubacterium species revealed two novel disease-associated taxa in periodontitis patients (30) .
The aim of this study was to design 16S rDNA primers specific for the genera Porphyromonas and Tannerella and use them to construct clone libraries of amplified 16S rDNA genes from samples collected from patients with advanced periodontitis and controls. Although these two genera together make up only a small proportion of the subgingival microflora, the as-sociations between particular species and disease make them worthwhile targets for study.
MATERIALS AND METHODS
Plaque samples were collected from five pairs of patients matched for age (Ϯ3 years) and gender, as described in a previous study (1) . Briefly, one member of each pair had periodontitis with pockets of at least 6 mm at two or more sites and the other member of the pair had no pockets greater than 4 mm with minimal or no bone loss. Patients were excluded if they had medical conditions that influenced their periodontal condition or if they had received subgingival scaling or antibiotics within the previous 6 months.
Supragingival plaque was scored as clearly visible, detectable only with a probe, or absent and, when present, was carefully removed before a subgingival plaque sample was collected with a sterile curette from shallow pockets (Յ4 mm) in patients and controls and from deep pockets (Ն6 mm) in the patients. Plaque samples were collected in 500 l of storage buffer (10 mM Tris HCl, 1 mM EDTA [pH 8.0]) and were stored at Ϫ70°C. Sites were probed manually; and bleeding after probing was scored as immediate (score ϭ 2), within 30 s (score ϭ 1), or absent (score ϭ 0). To compare the levels of oral hygiene and marginal gingival health in the patients and controls, plaque and gingival bleeding indices were recorded for the buccal and lingual surfaces of the six Ramfjord teeth.
The two plaque samples from shallow sites were pooled, as were the two samples from deep sites, and DNA was extracted from the samples by a standard method (9) .
A specific PCR primer directed against the 16S rRNA genes of the genera Porphyromonas and Tannerella was designed by visual inspection of the aligned sequences of reference strains. The primer was designated PT997R and had the following sequence: 5Ј-ATCTACATTCAATCCC-3Ј. The specificity of the primer was checked by performing PCR under the conditions described below with DNA extracted from the following strains: Porphyromonas asaccharolytica ATCC 25260 T T , and Porphyromonas macacae DSM 20710 T . Primer PT997R was used in conjunction with primer 27F, which is specific for the domain Bacteria (18) . Five replicate amplification reactions were set up for each plaque sample by using Ready-to-Go PCR beads (Amersham) with 1 l of the DNA and 10 pmol of each primer, made up to a total of 25 l with sterile water. Amplifications were carried out with 10 cycles of 94°C for 60 s, 56°C for 30 s, and 72°C for 2 min, followed by a further 20 cycles of 92°C for 30 s, 56°C for 30 s, and 72°C for 2.5 min. A final 5-min extension at 72°C was used, and the samples were kept at 4°C until they were purified.
The five replicate PCR products were pooled and then cloned into the pGEM-T Easy vector (Promega), according to the instructions of the manufacturer. The vector was then transformed into XL1 Blue MFRЈ supercompetent cells (Stratagene), according to the instructions of the manufacturer. Two hundred white colonies were then chosen at random, and the colonies were checked for the presence of the inserts by PCR with vector-specific primers SP6 and T7 under the conditions described above. Aliquots were electrophoresed on a 1% agarose gel and then stained with ethidium bromide and checked for the presence of an ϳ1,000-bp band.
Approximately 20 clones from each library were then partially sequenced by using the universal sequencing primer 357F (18) . Sequencing was performed with a Beckman Coulter CEQ2000 automated DNA sequencer, according to the instructions of the manufacturer.
The libraries were checked for the presence of chimeras by use of the Chimera_Check program, made available by the Ribosomal Database Project II (2). Sequences were provisionally identified by interrogation of the GenBank nucleotide database with the BLAST algorithm. From the phylogenetic position indicated by the output from the search with the BLAST algorithm, related sequences were selected from sequence databases and aligned by use of the Clustal X program (32) . Further analysis was performed with the PHYLIP suite of programs (6) . Specifically, the DNADIST program was used to compare sequences by use of the Jukes-Cantor algorithm, and the NEIGHBOR program was used to construct phylogenetic trees, which were viewed by using TreeView software (26) .
The mean plaque and gingival bleeding indices were calculated for each patient. Mann-Whitney U tests were used to compare the bleeding and plaque indices and the percentage of clones of each taxa recovered from the sampled sites in the patients and the controls. Wilcoxon sign rank tests were used to compare the plaque and bleeding indices and the microbial variables from the shallow and deep pockets in the patients with periodontitis.
Nucleotide sequence accession number. The GenBank accession number for the 16S rRNA gene sequence for Porphyromonas P3 clone 34_5 is AY546091.
RESULTS
The age, gender, and clinical condition of the patients included in the study are described in Table 1 . The patients with periodontitis had significantly higher supragingival plaque indices than the controls (Mann Whitney U test, Z ϭ 2.61, P Ͻ 0.01), but there was no difference in the gingival bleeding indices between the patients and the controls. The mean probing depth of shallow pockets sampled in the controls was 2.6 mm (standard deviation [SD] ϭ 0.42 mm). In the periodontitis patients, shallow sampled sites had a mean probing depth of 3.0 mm (SD ϭ 0.35 mm) and deep pockets had a mean probing depth of 6.9 mm (SD ϭ 1.02 mm). Supragingival plaque was detected at all sampled sites, and bleeding was detected after probing at all but one site.
PCR with primer pair 27F-PT997R gave amplification products of the expected sizes for all of the reference Porphyromonas and Tannerella strains tested. A total of 308 cloned 16S rRNA genes were sequenced and identified from the patient samples. The interrogation of the GenBank database with the BLAST algorithm indicated that all of the sequences belonged to the genera Porphyromonas and Tannerella. Cloned sequences were identified as belonging to a particular species or taxon if they showed greater than 98% sequence identity with the reference sequence in the GenBank database. Twenty-one (6.8%) of the clones were found to be chimeric, in that they were hybrid molecules consisting of genes from more than one source organism, and were therefore excluded from the further analysis. Nine clones, related to P. asaccharolytica, did not match any of the named species or phylotypes and were designated Porphyromonas P3 (Fig. 1) .
The distribution of taxa among the samples is shown in Fig.  2 . Clones were identified as belonging to one or other of the following species or phylotypes: T. forsythensis, P. endodontalis, P. catoniae, Tannerella BU063, P. gingivalis, and Porphyromonas P3.
T. forsythensis was found in all of the patients with periodontitis (Fig. 2a) but only two of the healthy controls. A signifi- cantly higher percentages of clones were recovered from shallow sites in the patients with periodontitis ( Fig. 2a) than from similar sites in the healthy controls (Mann Whitney U test, Z ϭ Ϫ2.64, P Ͻ 0.01). A similar pattern of detection was noted for P. endodontalis (Fig. 2b) , which was also found more commonly in patients with disease than in healthy controls. However, P. endodontalis was a relatively minor constituent of the microflora, and its proportion never exceeded 35% of the clones identified in any sample. P. catoniae (Fig. 2c) and Tannerella taxon BU063 (Fig. 2d ) were found most frequently in shallow pockets. In the patient group, there was a trend toward Tannerella BU063 (Fig. 2d) comprising a higher percentage of the clones recovered from shallow pockets than from deep pockets (Wilcoxon sign rank test, Z ϭ 1.70, P Ͻ 0.09). P. gingivalis (Fig. 2e) and Porphyromonas P3 (Fig. 2f) were not clearly associated with periodontitis or control patients, nor were they clearly associated with shallow or deep pockets. However, in two of the control subjects P. gingivalis accounted for more than 87% of the clones recovered, which was the highest proportion for any of the detectable taxa. Porphyromonas P3 was the least frequently detected taxon and was found in plaque samples from only three individuals.
DISCUSSION
This study has demonstrated that a wide range of taxa belonging to the genera Porphyromonas and Tannerella are found in deep and shallow periodontal pockets in subjects with periodontitis and age-and sex-matched controls. The method used was successful, in that all of 308 clones sequenced were found to belong to the target group. Representatives of all of the named species of human oral origin, P. endodontalis, P. gingivalis, P. catoniae, and T. forsythensis, were detected. Of the others, P. asaccharolytica is found at human nonoral sites (3); P. canis, P. cansulci, P. canoris, and P. cangingivalis are found in dogs (12, 22) ; P. salivosa and P. circumdentaria are found in cats (21); P. macacae is from macaques (3); P. levii is found in cattle (14); and P. gulae is found in a range of animal species (7). Although P. salivosa and P. macacae were originally isolated from cats and macaques, respectively, they have been shown to be the same species; the name P. macacae has precedence (20) .
The results of the present study were interesting, in that T. forsythensis was found to be associated with periodontitis, as was P. endodontalis, although to a lesser extent. These findings are consistent with those presented in previous reports (10, 17, 19) . By contrast, P. catoniae and Tannerella BU063 appeared to be associated with shallow sites unaffected by destructive disease. Indeed, others (17, 19) have found Tannerella BU063 to be more strongly related to periodontal health than disease, and P. catoniae has been found in the mouths of infants before eruption of their teeth (15) . P. gingivalis, perhaps the most studied of the periodontal pathogens, was found in two patients and three control subjects. Although many workers have associated P. gingivalis with destructive periodontal disease, it has also been associated with gingivitis and shallow pockets (4, 24) ; and in this study, all but one of the sampled sites were inflamed. Also, no attempt was made in the present work to separate the more pathogenic strains of P. gingivalis from those considered less pathogenic (8) .
There are clearly some additional limitations to this study. The results show the distribution of taxa within two genera, but there is no possibility of finite quantitation. Thus, although P. gingivalis accounted for the highest proportion of detectable clones in two of the control samples, it is possible that the total numbers of the species were very low compared to those seen at the diseased sites in the periodontitis patients. However, the results do indicate that P. gingivalis was present at these sites, which is perhaps not surprising, as all but one of the sites included in this study were inflamed and it is known that the presence of hemin stimulates the growth of this organism. The other limitation was the relatively small number of subjects studied. At present, this is inevitable for this type of study because of the time-consuming nature of the PCR, cloning, and sequencing procedure. In addition, we did not simply rely on estimates of sequence identity for identification but manually inspected the alignments of all test sequences with those from reference strains in order to exclude errors arising from poor sequence quality and/or misalignments. Studies in the future will be able to take advantage of robotic automation, which will enable the number of samples studied to be greatly increased, together with improved software tools for identification, which are in development. Nevertheless, this type of study is still extremely valuable and should be regarded as the of Tannerella BU063 with health described previously (17) . Furthermore, the fact that the closest phylogenetic relative of this organism is T. forsythensis makes this pair of organisms an ideal target for comparative genomic studies with the aim of identifying genes responsible for virulence in T. forsythensis. The major obstacle to this is that, at present, Tannerella BU063 has yet to be cultured; work to determine its growth requirements must be an urgent priority. A level of 98% sequence identity was chosen as the cutoff for the assignation of sequences to individual species. At this level, with partial sequences of about 500 bp being used for identification, all sequences with the exception of those identified as Porphyromonas P3 and Tannerella BU063 were found to match named species within the target genera. The full sequence was obtained for a representative clone of Porphyromonas P3, although this was limited to 916 bases (when the primer sequences were removed) because they were obtained with a reverse primer that annealed at position 997. Figure 1 was therefore constructed with 898 unambiguously aligned bases. The effect of constructing the tree with partial sequences is demonstrated, for example, by Porphyromonas P1 appearing to be closely related to P. endodontalis, whereas these taxa share only 97% sequence identity over their full 16S rRNA genes. Nevertheless, Fig. 1 shows that a large number of phylotypes that are distinct from, but closely related to, the named species have been identified. Interestingly, these could be seen to be clustered around P. catoniae and P. endodontalis, in particular, but none that were related to P. gingivalis were seen. Discussion of the possible reasons for this is beyond the scope of this report, but this observation is worthy of further investigation.
In conclusion, this study has demonstrated the value of targeted molecular ecology studies for the identification of associations between bacterial species and specific disease states. Although the technique does not allow quantitation, this can be addressed in subsequent focused studies.
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